Abstract-Stimulated by a recent paper by Spaepen (Acta mater. 48 (2000) 31) we concentrate on the effect of roughness parameters on stress measurements in thin films for self-affine and mound rough interfaces. A self-affine interface is characterized by a lateral correlation length x, an rms roughness amplitude s, and a roughness exponent H (0 Ͻ H Ͻ 1). With increasing long wavelength roughness ratio s/x, the ratio between the measured and the actual interface stress decreases. It decreases with a decreasing roughness exponent H that leads to rougher interfaces at short roughness wavelengths ( Ͻ x). For mound roughness which is characterised besides s by an average mound separation l and a system correlation length z, the force ratio decays in an oscillatory manner as a function of s/l as long as l Ͻ z. It is concluded that for both cases a more precise knowledge of roughness morphology is required in order to address the influence of interface roughness on the interface stress in thin films.
INTRODUCTION
Intrinsic stress developments in thin monocrystalline films are not caused by differential thermal expansion between the film and the substrate, or by directly applied external loads. A classic example is the epitaxial growth of films of single crystals where the structure and to some extent the energetic of semicoherent interfaces are known from experimental observations and (dislocation) theory [1, 2] . On the other hand, for polycrystalline films various mechanisms have been proposed to explain the accumulation of stresses. The grain boundaries in these films may contribute to a densification by acting as sinks for excess vacancies, or by eliminating excess boundary volume as a result of grain growth [3] . The competition between surface and grain boundary energies may force the coalescence of crystallites and generate tensile stresses [4] [5] [6] [7] . Grain boundaries can also play a role in the relaxation of stresses by plastic flow, either as obstacles to dislocation motion or as sources and sinks in diffusional flow [7] .
In many cases, the growth front of the film can be rough because steps and ledges are formed during growth of a multi-layer [8] [9] [10] [11] . Also, noise-induced roughening may lead to the formation of self-affine fractal morphologies [12] [13] [14] [15] . In the former case the existence of an asymmetric step-edge diffusion barrier, or Schwoebel barrier, inhibits the down-hill diffusion of incoming atoms leading effectively to the creation of large structures in the form of mounds (unstable growth) [8] [9] [10] [11] . Different interface morphology in multi-layer films would possibly lead to distinct stress contributions. Under certain circumstances the fractality can be investigated by local probe techniques [16, 17] .
Indeed, as was shown by Spaepen [7] , interface roughness can lower the measured stress in a manner that strongly depends on the particular interface morphology. In his work [7] , an application was performed for sinusoidal roughness where it was shown that with increasing ratio of oscillation amplitude over oscillation wavelength (rougher interface), a substantial decrement of approximately 60% was obtained for ratios near unity. However, it was pointed out that in many cases such a variation would be much smaller [7] .
Stimulated by Spaepen's work we have extended his approach to the more general cases of random self-affine and mound rough interfaces, which are commonly observed during multi-layer growth [18] [19] [20] [21] , as well as mound interface roughness that develops during epitaxial growth [8] [9] [10] [11] 22] . Our work is in both cases executed in the weak roughness limit because in many cases of thin film growth the corresponding ratio of vertical, out-of-film-plane roughness amplitude to lateral, in-plane correlation length is equal or lower than 0.1 [12] [13] [14] [15] [18] [19] [20] [21] .
ROUGHNESS EFFECTS ON THE MEASUREMENT OF INTERFACE STRESS
We denote the interface height profile by h(r) which is assumed to be a single valued function of the in-plane position vector r = (x,y). The interface area between r and r + d 1/2 . This is similar to Spaepen but now concentrating on area instead of length. Upon stretching the interface by a small amount ⌬e in the x-y plane, assuming all positions shift while the zpositions remain the same such that dr deforms to dr(1 + ⌬e), the area of the deformed interface changes to first order in ⌬e by dAЈ = [(1 + ⌬e)
r which results in a change of interface area by
r. Thus, the work dW necessary to stretch this part of the interface area elastically is FdA (assuming F to be isotropic) which upon integration over the entire interface yields the total work
This work is related to the apparent or measured interface stress by W = F m ⌬eA where A is the projected or apparent area of the interface in the x-y plane. As a result, the ratio between the measured and the actual interface stress for a planar interface is
For a weak roughness |ٌh| 1, and
... Substitution of the leading terms of this series expansion into equation (2) yields up to second order (see Appendix A)
where the average flat interface area is given by
Furthermore, the interface height profile h(r) is assumed to be a stationary stochastic process with ͗h(r)͘ = 0, and an interface isotropy along the x and y axes. In addition, we shall assume that h(r) is a random Gaussian variable in order to calculate the ensemble averaged products of h(r)s (see Appendix A). We define the Fourier transform of h(r) as
2 r and assume interfaces that are statistically stationary up to second order or transitionally invariant such that
Thus using equations (3) and (4) and equations (A.4) and (A.5) from Appendix A, we obtain
with r( = ͗|ٌh| 2 ͘ 1/2 ) is termed as the average interface local slope.
RANDOM ROUGHNESS MODEL

Self-affine roughness
The nanometer scale topology of vapor-deposited single/multi-layer thin films can be quantified in many cases in terms of self-affine roughness [12] [13] [14] [15] [18] [19] [20] [21] . In general, any physical self-affine surface or interface is characterized by a finite lateral correlation length x, an rms roughness amplitude s, and a roughness exponent H (0 Ͻ H Ͻ 1) [12] [13] [14] [15] . The roughness exponent H is a measure of the degree of interface irregularity at short roughness wavelengths ( Ͻ x) such that small values of H(ෂ0) characterize extremely jagged or irregular interfaces, while large values of H(ෂ1) characterize interfaces with smooth hills and valleys ( Fig. 1) [12] [13] [14] [15] . With the exponent after Hurst, a hydrologist examining together with Mandelbrodt scaling properties of river fluctuations, it is assumed that the self-affine interface is fractal up to a correlation length x. In real space the self-affine interface h(r) can be considered at a point r by h(r) = (r/x)
H . However, it should be emphasized that the concept of fractal dimension is not intrinsically related to H. The fractal dimension will only be defined once the measuring tool is specified. For selfaffine fractals ͗|h(q)
Mound roughness
Although noise-induced roughening can lead to the formation of self-affine fractal morphologies [12] [13] [14] [15] , such a growth does not always occur and instead the growth front can be rough in the sense that multilayer step structures are formed during growth [8] [9] [10] [11] . In the former case the existence of an asymmetric step-edge diffusion barrier, or Schwoebel barrier, inhibits the down-hill diffusion of incoming atoms leading effectively to the creation of large structures in the form of mounds (corresponding to a roughness exponent H = 1) [8] [9] [10] [11] . Mound rough morphologies have been described in the past by the interface roughness amplitude s, the system correlation length z, which determines how randomly the mounds are distributed on the surface, and the average mound separation l [22] [23] [24] [25] [26] . Such a rough morphology can be described by:
with I 0 (x) the modified (hyperbolic) Bessel function of the first kind and zero order. Note that for z Ն l (strong Schwoebel barrier effect) a characteristic satellite ring at q = 2p/l of the power spectrum ͗|h(q)| 2 ͘ occurs.
RESULTS AND DISCUSSION
Self-affine roughness
From equation (6) we can derive an analytical form for r and thus for the force ratio. In fact, we have [27] Prior to the presentation of the results, we point out the following. The ratio s/x describes mainly the long-wavelength (q 1/x) roughness characteristics. Finer roughness details at short-wavelengths (q 1/x) are revealed through the effect of the roughness exponent H. The latter describes the degree of height-height fluctuation irregularity and density, and it is related to a local fractal dimension D = 3 Ϫ H [22] . In our calculations, we used for the roughness amplitude the value s = 1 nm and correlation lengths x such that s/x Յ 0.1 and c is taken to be equal to 0.3 nm. In order to illustrate the sensitivity of r on the roughness exponent H, Fig. 2 shows the variation of r versus the ratio s/x for various adjacent roughness exponents H. Fig. 3 displays the results of the calculations of the roughness effect on the measured stress force in the weak roughness limit for adjacent roughness exponents H > 0.5 and long wavelength ratios s/x Ͻ 0.1. For roughness exponents H Ͻ 0.5 the weak roughness limit is achieved for a lower ratio of s/x. Clearly with increasing ratio s/x (or the long wavelength roughness) the force ratio decreases, the more so for decreasing roughness exponent H which leads to rougher interfaces at shorter roughness wavelengths. Therefore, for interfaces possessing this type of roughness, as observed in a wide range of surface interface studies by X-ray reflectivity and scanning probe microscopy [12] [13] [14] [15] [18] [19] [20] [21] , the precise quantification of interface morphology is required to estimate properly the effect of roughness on the stresses in the thin film.
Mound roughness
Calculations were performed for mound roughness with s = 1 nm and roughness parameters l and z such that r Ͻ 1, see Fig. 4 . The oscillatory behavior of r for l Ͻ z originates effectively from the presence of a ring structure on the power spectrum leading for the corresponding real space height correlation function to oscillations at large lateral length scales. Clearly for small z (weak Schwoebel barrier) the behavior of the local slope is similar to that of the self-affine depicted in Fig. 2 . The oscillatory behavior is reproduced in Fig. 5 which shows the roughness effect on the force ratio. While for z = 10 nm a monotonic decay is observed with increasing ratio s/l in a manner similar to that of a self-affine roughness, an oscillatory behavior is found for z = 30 and 60 nm, respectively. It indicates that a precise knowledge of the interface morphology is required to gauge properly the contribution of the roughness to the interfacial stress state.
It is interesting to note that even for a mound rough morphology an analytical expression can be obtained in the limit of very small values of the cut-off c in Q c . Substitution of equation (7) into equation (5) leads to:
where M a,b (z) is the Whittaker function and (9) can be written in the limit of very small lower length-scale cut-off c simply by:
General expression for F m /F
In both cases of the roughness the calculations of the force ratio F m /F were performed for local slopes r Ͻ 0.5 within the second order of the perturbation expansion. For higher values of the local slope (but still r Ͻ 1) additional terms have to be incorporated in equation (5) . A more general expression for the force ratio reads:
which after substitution from equation (A.8) changes into
with, i.e. P(1) = 1 and P(2) = 3. Indeed, P(n) represents all possible ways to group 2n Ϫ h(q)s during ensemble average in pairs of two [28] .
CONCLUSIONS
In order to investigate the effect of roughness parameters on measurement of the force, we combine the knowledge of interface stress theory related to roughness with analytic descriptions of the height-height correlations for self-affine and mound rough interfaces. Although our calculations are performed in the weak roughness limit (which corresponds to low roughness contribution), the results indicate that the roughness morphology may affect the measurement of interface stress and a method has been developed to incorporate the necessary corrections if precise roughness data are available.
The assumption that h(r) is a Gaussian variable means that the average of any odd number of factors of h(r) with the same or different arguments vanishes, whereas the average of the product of an even number of factors of h(r) is given by the sum of the products of the averages of the h(r)s paired two-by-two in all possible ways, i.e. we have [29] For higher order terms further concepts of statistics are needed to calculate P(n) which represents all possible ways to group 2n Ϫ h(q)s ensemble averaged in pairs of two [28] .
